(i) Field case study demonstrating application of one 4D geomechanical model to a range of applications.
Introduction
3D and 4D geomechanical models have many applications in field development planning and reservoir management. In this paper, we present a case study of a deepwater turbidite field. The aim of the paper is to demonstrate some of the many uses of geomechanical flow simulation technology in drilling operations and determination of operational limits for oil-extraction and fluid injection.
The paper is organized in two sections. In a first section, we present model building and calibration. We place special emphasis on the uses of seismic interpretations and inversion models in 3D model building, the importance of calibration and the influence of the 3D property model on the computed stress field. In a second section we discuss the applications of the 4D geomechanical model to a range of field development planning issues, including (i) wellbore stability assessment for drilling inclined infill wells, as well as the change in mudweight window over time for planned wells during injection and production from the field, (ii) calculation of maximum allowable injection pressures during hydraulic stimulation to avoid out-of-zone growth of hydraulic fractures, (iii) evaluation of risk of fault re-activation during a range of production scenarios for pressure support in order to establish safe operational limits for pressure support, and (iv) forward modelling of the expected time-lapse seismic signal at various stages of production and comparison with time-lapse seismic test lines.
During the course of this study we discovered, unexpectedly, that additional value in joint analysis of well-log data, production data, 3D and 4D seismic data, as well as 3D and 4D geomechanical models derives from the additional insight that results when either inconsistencies between the different data types occur, or when observations and predictions do not match. This enables to challenge (often unstated) assumptions in the model building, and allows model updating based on tangible and visible evidence from seismic data.
Model Building and Geomechanical Flow Simulation
Interpreted horizons and faults from 3D seismic data are the building blocks of structural models of oil and gas reservoirs. Within the structural framework, the distribution of facies (e.g. hydrocarbon bearing sands, water bearing sands and shales) can be informed by seismic inversion techniques. In this case study, the outline of the deepwater turbidite lobes was determined by coloured inversion (Fig. 1a , depth converted extended elastic impedance volume displayed on geological model grid) and included into a geological facies model (Fig. 1b ). The inversion results were then used as a soft property and combined with petrophysical well-logs in geostatistical property population. Well-log based studies determined the chi-angle of the lithology stack to be 45⁰. The geological model was upscaled to a flow simulation model and history matched to three years of production data. Based on the geological model and the history matched flow simulation model, a 3D and 4D geomechanical flow model was built and calibrated to geomechanical models of the discovery and delineation wells. 
Application of 3D Geomechanical Model Wellbore Stability Analysis
Wellbore stability analysis is probably the most widespread use of geomechanical studies. It is well understood that pore pressure and fracture gradient (or minimum principal stress) are independent of borehole inclination and azimuth, but that failure initiation pressure and collapse pressure (i.e. the mud pressure at which the wellbore wall is no longer sufficiently supported and the wellbore wall starts to exhibit shear-failure and finally collapses) are not. During drilling of one of the first inclined wells at the field, a stuck pipe event occurred and the bottom-hole assembly was lost in hole (Fig. 2) . Geomechanical analysis showed that an elevated mudweight compared to a nearby vertical exploration well would reduce the risk of breakouts (in turn increasing the amount of solids in the hole) or wellbore collapse (as one possible cause of the stuck pipe event). Careful mud-pressure management and hole cleaning procedures enabled drilling of the sidetrack. The mudweight was thereby elevated in accordance with the mudweight prediction from the geomechanical model. 
Fracture Gradient Estimation and Hydraulic Stimulation
The intent of hydraulic stimulation is to create a fracture penetrating through a damage zone that may be created during drilling and cementing of the well, and connect the well to the undamaged reservoir. In stacked reservoirs, one unintended consequence of this operation can be that vertically separated reservoir zones get connected during hydraulic stimulation. This is to be avoided.
To better understand the risk of out-of-zone growth of hydraulic fractures we investigated Shmin (=minimum principal stress in this field) at each completion, as well as in the caprock above each completion. We take Shmin as a lower bound for fracture gradient (more precisely Shmin/TVDSS) or fracture propagation pressure. the reservoir and the caprock respectively. It becomes immediately clear that the fracture gradient in the caprock is higher than in the reservoir (darker dots in Fig. 3b than in Fig. 3a) , and that there is a trend in each figure of decreasing fracture gradient from top right towards bottom left. This ternd corresponds also to an increase in water depth as can be noted by the contour lines of seafloor depth. The effect of reduced fracture gradient with increased water depth can be further analysed in figure  3c . Analysis of the figure demonstrates that the fracture gradient is reduced by approximately 4000Pa/m (3.4 ppg) for an increase in water depth of 1000m. The figure also shows that the difference in fracture gradient for the reservoir and the caprock at the same x-and y-location is on average 1200Pa/m (1ppg). 
Evaluating Risk of Fault Reactivation
The reservoir terminates at an up-dip fault. A typical production scenario is to use pressure support under a voidage replacement scheme. More aggressive injection scenario can be envisaged, and carry the risk of fault reactivation. In order to evaluate this risk, we compute the maximum allowable pressure increase above initial reservoir pressure along a key fault (Fig. 4) . The fault was modelled with zero cohesion and under a range of different friction coefficients (e.g. Wiprut and Zoback, 2000) . The calibration of fault mechanical properties is a field of active research and much debate. Since no direct calibration data was available for this study, we use a scenario modelling approach. As a base case we apply the generally accepted value for friction coefficients for faults of =0.6 (Byerlee, 1978) . Further scenarios for a weak fault (=0.5) and a very weak fault (=0.4) are tested. The distance to failure under each scenario is evaluated using the method outlined in Mildren et al. 2005 .
The investigation demonstrates that the caprock forms a strong seal. Even for the scenario of the weakest fault (Fig. 4a) , the reservoir pressure can be increased by approx. 12MPa (1750psi) above initial reservoir pressure before mechanical seal breach along the fault occurs. Note that localized fault slip in the reservoir may occur before the entire fault plane is reactivated. this mechanism would be to install permanent micro-seismic sensors in a well close to the fault. In so doing an "early warning system" for seal breach could be established. 
Conclusion
Building a consistent integrated Earth model and taking it to 3D and 4D geomechanical flow simulation is a considerable effort. This effort may not always be justified when having only one application in mind. However, when applying the same model to investigate a number of different field development issues this effort is easily justified. This should become apparent when summarizing some of the uses of 3D and 4D geomechanical flow models in field development planning:
• Dynamic reservoir simulation and field development planning: Is there a risk of out-of-zone injection during hydraulic stimulation? Does pressure support pose a risk of fault reactivation and seal-breach? Does reservoir compaction affect fluid flow in a positive way by compaction drive or in a negative way by permeability decrease? • Drilling: What is the optimum mudweight window and drilling trajectory? Does the mudweight window change during reservoir production? • Wellbore and completion integrity: Is there a risk of wellbore collapse by shear failure, compaction failure or extensional failure during production? What is the maximum allowable drawdown before onset of sanding, and what are the sand management options? • 4D seismic: Assist interpretation of time-lapse seismic data in terms of fluid, pressure and geomechanical effects. Is there a likely signature from fluid, pressure and geomechanical effects? What is the optimum timing for a time-lapse seismic studies?
